Abstract Divalent metal ion transporter (DMT1) is the major transporter for iron entrance into mammalian cells and iron exit from endosomes during the transferrin cycle. Four major mRNA isoforms correspond to four protein isoforms, differing at 5 0 /3 0 and N-/C-termini, respectively. Isoforms are designated 1A versus 1B reflecting where transcription starts or ?iron responsive element (?IRE) versus -IRE reflecting the presence/absence of an IRE in the 3 0 end of the mRNA. These differences imply regulation at transcriptional and posttranscriptional levels. Many proteins are degraded by a ubiquitination-dependent mechanism. Two different ubiquitin ligases (E3s) appear to be involved in DMT1 ubiquitination: Parkin or neuronal precursor cell-expressed developmentally downregulated 4 (Nedd4) family E3s which often utilize Nedd4 family interacting protein-1 and -2 (Ndfip1 and 2) to ubiquitinate their substrate proteins. Prior data suggest that Parkin ubiquitinates 1B DMT1 but not 1A DMT1 while Nedd4/Ndfips ligate ubiquitin to DMT1 in the duodenum where 1A/?IRE DMT1 predominates. Our assay for whether these systems target DMT1 depends on two HEK293 cell lines that express permanently transfected 1A/?IRE DMT1 or 1B/-IRE DMT1 after induction by doxycycline. Transient transfection with a Parkin construct before induction diminishes 1B/-IRE DMT1 detected by immune-blots but not 1A/?IRE DMT1. Mutant Parkin serves as a control that does not affect DMT1 levels. Thus DMT1 regulation in an isoform specific fashion can occur by ubiquitination and the events involved have implications for DMT1 function and disease processes.
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DMT1 isoforms
The divalent metal ion transporter DMT1 is an appropriate topic when one considers iron and copper among other reasons because it was postulated to transport iron, copper and multiple other metals (Gunshin et al. 1997) , properties addressed at some workshops considering iron and copper (Garrick et al. 2003 (Garrick et al. , 2006b ). Clearly DMT1 is the major duodenal iron importer, but it also plays a similar major role in export of iron from the endosome during the transferrin cycle (Garrick and Garrick 2009; Garrick 2011 ). DMT1 has four major mRNA isoforms that encode four protein isoforms, differing at 5 0 /3 0 and N-/Ctermini, respectively. Isoforms are designated 1A versus 1B reflecting where transcription starts or ?iron responsive element (?IRE) versus -IRE reflecting the presence/absence of an IRE in the 3 0 region of the mRNA. Exon 1A contains an initiator codon so has 29-31 unique amino acid residues for this N-terminal extension; while exon 1B lacks such an AUG so its translation starts in exon 2; all four protein isoforms share 543 amino acid residues in common that start with this methionyl residue; the -IRE protein isoform has 25 unique C-terminal residues that distinguish it from the 18 unique C-terminal residues of the ?IRE isoform.
Its function as a duodenal iron importer places DMT1 in that part of the intestine where the ?IRE isoform is prevalent while the need for DMT1 in the transferrin cycle is high in erythroid precursors. Yet the tissue distributions of the ±IRE DMT1 mRNA forms (Tchernitchko et al. 2002) reveal the DMT1 isoforms as widespread leaving one to wonder whether DMT1 could have additional metal ion transport functions in other tissues. The distributions of 1A/1B DMT1 isoforms (Hubert and Hentze 2002) place the 1A form primarily in the duodenum with most other tissues expressing primarily 1B DMT1 and the kidney having substantial levels of both 1A and 1B. Clearly we need to consider multiple modes for regulation of protein levels when thinking about how DMT1 achieves these distributions while noting that the cited data are only for mRNA levels.
The modes for regulation of DMT1 particularly interest us currently relative to the rise in expression of DMT1 seen in Parkinson's disease (PD) (Salazar et al. 2008) where evidence suggests that 1B/?IRE DMT1 increases. Table 1 systematically lists possible ways that this isoform may achieve the increase. A transcriptional mode is attractive because increased nuclear factor-jB (NF-jB) is well established as part of the stress responses in PD (Hunot et al. 1997; Ghosh et al. 2007 ) and it affects 1B DMT1 transcription . Although hypoxia inducible factors (HIFs) are also candidates with response elements postulated in the 1B promoter (Lee et al. 1998) , an abundance of data indicts hypoxia as upregulating 1A DMT1 (Lis et al. 2005; Shah et al. 2009; Mastrogiannaki et al. 2009 ) via HIF-2a (Shah et al. 2009; Mastrogiannaki et al. 2009 ). Post-transcriptional control is also attractive given that ?IRE DMT1 should be stabilized via iron regulatory proteins 1 and 2 (IRPs) and there is evidence for this occurring in the intestines (Galy et al. 2008) . Increased nigral iron (Hirsch et al. 1991) would itself actually diminish ?IRE DMT1 levels via this mechanism; however, the increased iron interacting with endogenous nigral dopamine to generate reactive oxygen species might activate IRPs to elevate ?IRE DMT1 levels. Although microRNA (miRNA) is another regulatory possibility, the only one known to affect DMT1 acts on the -IRE form (Andolfo et al. 2010) . Translational regulation cannot be eliminated as a means of affecting 1B/?IRE levels; however, no precedent is currently known. Protein turnover is clearly a possibility as the potential for specific regulation is built into the ubiquitin pathway. Thus the rest of this paper is devoted to how DMT1 turnover occurs.
Proteasomal turnover
DMT1 turnover occurs in the proteasome and also to an extent in the lysosome ). Hence brief coverage of proteasomal degradation is in order. The existence of a subcellular alternative to lysosomal degradation has been accepted for *35 years (Etlinger and Goldberg 1977) . We now recognize that a macromolecular assembly assures the tagging of proteins with ubiquitin for degradation based on three enzymes that assure ubiquitylation named E1, E2 and E3 (Lodish et al. 2004 ). E1 splits ATP to adenylate ubiquitin (activation). The ubiquitin transfers to a cysteine in E2 (conjugation) then an E3 ligates ubiquitin to the target protein. Multiple ubiquitins (C4) are required to lead to degradation. Specificity for the target depends on the E3-ligase. There are 500-700 E3-ligases. Our interest in DMT1 and its degradation stems from thinking about its isoforms: From the viewpoint of *600 E3-ligases and *20,000 human genes, one might conclude that a typical E3 ligase targets *30 gene products; however, if one recognizes that there are perhaps *100,000 human protein isoforms, then it might be better to argue that a typical E3 ligase targets *160 human protein isoforms. So one wonders whether the specificity of E3-ligases for targets is gene-related or isoform related. The key questions from the viewpoint of DMT1 and its isoforms is whether the E3-ligase(s) that target DMT1 are isoform specific and how many E3-ligases target DMT1.
Parkin and 1B DMT1
Parkin, product of the PARK-2 gene, is both an E3-ligase and a cause of early onset PD when mutated (Kitada et al. 1998; Chung et al. 2001) . Parkin also ameliorates manganese (Mn) toxicity in neuronal cell models (Higashi et al. 2004 ). This finding attracted our attention (Roth et al. 2010) ; it was reproducible, associated with diminished Mn uptake by SH-SY5Y neuroblastoma cells that were permanently transfected with wild type (wt) Parkin compared to control SH-SY5Y neuroblastoma cells that were similarly transfected with empty vector or a T240R mutant. The controls experienced more toxicity due to Mn exposure.
Immunoblots with antibodies specific for ?IRE DMT1 or -IRE DMT1 revealed that SH-SY5Y neuroblastoma cells with wt Parkin had less of either isoform than did control empty vector or T240R mutant cells. Remarkably, the small levels of 1A DMT1 present in the three cell types were unaffected by the Parkin status. We therefore hypothesized that the lesser levels of ?IRE DMT1 or -IRE DMT1 in wt Parkin cells were due to lesser levels of 1B DMT1 and confirmed this hypothesis by immunodepleting the 1A DMT1 present by immunoprecipitation and showing that the supernatant contained nearly the same pattern for the 1B DMT1 present; i.e., both ?IRE DMT1 and -IRE DMT1 were depleted when cells expressed wt Parkin.
The proteasomal inhibitor MG132 inhibited the effect of wt Parkin confirming that the E3-ligase was likely acting on 1B DMT in the proteasome (Roth et al. 2010) . Remarkably ±IRE DMT1 levels in a lymphocyte line from an individual with homozygosity for a PARK-2 mutation and juvenile PD were higher than in a heterozygote sib or a ?/? control. This result confirms the potential relevance of DMT1 turnover by Parkin to PD in an affected sibship and establishes that the phenotype is not confined to neuronal tissue. These characteristics reflect a close association of specific isoforms of DMT1 with Parkin as the ±IRE DMT1 forms colocalize and co-immunoprecipitate with tagged Parkin but not with 1A as Parkin ligates ubiquitin to DMT1. Yet Parkin is not the only E3-ligase involved in DMT1 turnover.
DMT1 turnover involving another E3-ligase plus accessory proteins
Prior to the work on Parkin, two groups (Foot et al. 2008; Howitt et al. 2009 ) found another pathway for DMT1 turnover. It involved an E3-ligase family referred to as the neuronal precursor cell-expressed developmentally downregulated 4 (Nedd4) family. Members include NEDD4, NEDD4L, ITCH and WW domain-containing protein 2 (WWP2) where the WW domain is a protein motif consisting of 35-40 amino acids that contains four conserved aromatic residues and likely responsible for specific protein-protein interactions. It binds proline-rich PPxY (PY) motifs in particular targets. Yet many targets lack PY motifs leading to dependence on an accessory protein that contains PY motifs and binds the target, here called Nedd4 family interacting proteins 1 and 2 (Ndfip1 and Ndfip2). The two papers showed that DMT1 proteasomal turnover involved Ndfips (Foot et al. 2008; Howitt et al. 2009 ).
More recently, a study (Foot et al. 2011 ) that relied on mice with the gene for Ndfip1 ablated demonstrated that intestinal levels of DMT1 were remarkably elevated during iron deficiency as seen by immunohistochemistry and transport activity measurement. The mice had a combination of iron deficiency and inflammatory disease when fed a low iron diet leading to a severe microcytic, hypochromic anemia.
Materials and methods

Cell lines
We relied on two HEK293F cell lines (Garrick et al. 2006a ) that express DMT1 in a tetracycline (doxycycline) regulated fashion to address isoform specific regulation of DMT1. One line expresses rat 1A/?IRE DMT1; the other expresses mouse 1B/-IRE DMT1.
Transient transfection
Cells were grown to *50% confluence, transfected with DNA constructs by means of Lipofectamine 2000 (Invitrogen) using the manufacturer's procedure. After the cells recovered in Optimem (Invitrogen), increased expression of the permanently transfected DMT1 construct was induced with doxycycline (Garrick et al. 2006a ). Later (48 h) cells were lysed, extracts prepared and analyzed by immunoblots (Garrick et al. 2006a) . After analysis using an antibody to DMT1, each blot was stripped once and reprobed with either anti-actin to assure that loads were equal or anti-FLAG to detect the Parkin constructs.
Results
Figure 1 depicts a series of western blots that confirm that 1A/?IRE DMT1 is not degraded by Parkin. Comparison of the three leftmost lanes of parts A and B to those on their right verifies that induction of DMT1 by doxycycline is very effective. Each band represents DMT1; the *75 kDa band at the bottom has nearly the expected size and the *95 kDa band could represent a glycosylated form with all of the rest representing Fig. 1 Parkin does not target 1A/?IRE DMT1. Keys for the levels of doxycycline used to induce DMT1 expression (0 or 25 nM) and the Parkin construct used for transient transfection (wt, T240R or none = empty vector) are present between parts a and c and parts b and d. a Blot probed with anti-DMT1 directed against the fourth extracellular region. b Blot probed with anti-DMT1 directed against exons 2-3. There was some ineffective transfer in the high molecular weight region of the left lane. In parts a and b, the lowest DMT1 band is *75 kDa. c Blot from a after it was stripped and reprobed with anti-actin (load control). The actin band is *45 kDa. d Blot from b after it was stripped and reprobed with anti-FLAG (tests for successful transient transfection with FLAG-tagged-Parkin construct). The FLAG-tagged-Parkin band is *50 kDa; it is absent from the third and sixth lanes because the DNA construct was empty vector oligomers of DMT1 formed because the extracts were boiled and the effective DMT1 concentration was high. The load controls and the transient transfection controls make it clear that the Parkin constructs were expressed but have no effect on DMT1 levels. Figure 2 shows a similar series of western blots that verify that 1B/-IRE DMT1 is a Parkin ubiquitylation and degradation target. Again comparison of the three leftmost lanes of parts A and B to those on their right verifies that induction of DMT1 by doxycycline is very effective. Each band represents DMT1 here too; again the *75 kDa band at the bottom has nearly the expected size and the *95 kDa band could represent a glycosylated form with all of the rest representing oligomers of DMT1 formed because the extracts were boiled and the effective DMT1 concentration was high. The load controls and the transient transfection controls make it clear that the Parkin constructs were expressed so that this time wt Parkin expression led to the degradation of more than half of the DMT1.
Discussion
1B DMT1 and Parkin
The data in the two immunoblot figures are entirely consistent with earlier results (Roth et al. 2010) showing that 1A DMT1 is unaffected by Parkin while 1B DMT1 is a target for this E3-ligase. The earlier results relied on an indirect method-immunoprecipitation to remove 1A DMT1 and leave 1B DMT1 in the supernatant-to reach the conclusion whereas the results presented here are a direct demonstration. Because neuronal cells express very little 1A DMT1 while the HEK293 line expresses this isoform very effectively, confirmation that it was not a Parkin target is useful. Antibody to 1A epitopes could hypothetically fail to precipitate product of 1A mRNA that has not acquired the AUG codon due to ragged mRNA ends (a possibility that does occurresults not shown) or that exhibits loss of part of the N-terminal sequence. The 1B/-IRE DMT1 producing HEK293 cells express the intended target for Parkin to show that it is indeed the target.
Our data thus verify and extend those already published (Roth et al. 2010) . Considering just the data in Figs. 1 and 2, it remains a formal possibility, however, that specificity is determined by the ?IRE versus -IRE difference. Hence the data here and those already published should be considered in combination. They also point out how one can do similar tests for Ndfip specificity for targeting of DMT1 isoforms and indicate that E3-ligases target specific protein isoforms rather than all isoforms produced by a particular gene.
Ndfips, Parkin and DMT1 isoforms
Although final answers for the targeting specificity of Ndfip1 and 2 remain to be obtained, it is worthwhile to consider the main likelihoods (Fig. 3) . Parkin ubiquitinates 1B DMT1 (Fig. 3a) . A substantial rise in DMT1 level occurs in intestinal villi during iron In parts a and b, the lowest DMT1 band is *75 kDa. c Blot from a after it was stripped and reprobed with anti-actin (load control). The actin band is *45 kDa. d Blot from b after it was stripped and reprobed with anti-FLAG (tests for successful transient transfection with FLAG-tagged-Parkin construct). The FLAG-tagged-Parkin band is *50 kDa; it is absent from the third and sixth lanes because the DNA construct was empty vector Biometals (2012) 25:787-793 791 deficiency in Ndfip1-/-mice (Foot et al. 2011) . The main isoform available in this tissue is 1A/?IRE DMT1 so it should be largely responsible for the increase. If so, there are three probable specificities for Ndfip1 (or 2): They could aid in ligating ubiquitin to 1A DMT1 (Fig. 3b) ; this specificity is intellectually satisfying as all four forms of DMT1 would be accounted for by two E3-ligase systems. Or they could specify ?IRE DMT1 (Fig. 3c) ; if so, 1A/-IRE DMT1 could be the target of yet another E3-ligase. Or Ndfip1/ 2 could target all four isoforms (Fig. 3d) . Changed regulation of DMT1 contributes to the etiological pathway for PD (Salazar et al. 2008) . Parkin could mediate these inflammatory changes (Roth et al. 2010 ) although this conclusion does not have to account for all DMT1 mediated events much less all PD. Interestingly, inflammation has also been noted in relation to DMT1 changes via Ndfip-associated changes (Howitt et al. 2009 ), but this relationship appears to be more indirect (Foot et al. 2011) . 
